Abstract: Highly pure and dense Ti 2 AlC and Ti 2 AlSn 0.2 C bulks were prepared by hot pressing with molar ratios of 1:1.1:0.9 and 1:0.9:0.2:0.85, respectively, at 1450 ℃ for 30 min with 28 MPa in Ar atmosphere. The phase compositions were investigated by X-ray diffraction (XRD); the surface morphology and topography of the crystal grains were also analyzed by scanning electron microscopy (SEM). 
Introduction
Ternary compound MAX phase ceramics with nanolamellar structure have attracted more and more attention in recent years. The chemical general formula of MAX phase can be noted as M n+1 AX n , where M is the transition metal element, A is the main IIIA or IVA group element, and X is C or N. For different value of n (n = 1, 2, 3), 211, 312, and 413 phases are synthesized. At present, there are more than 50 kinds of synthetic compounds, such as Ti 2 SnC, Cr 2 AlC, Ti 3 AlC 2 , Ti 4 AlN 3 , and so on [1] [2] [3] . Due to the similar layered structure and similar characteristics in the same location of different elements, the study of MAX phase solid solutions likewise aroused the interest of researchers [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In the existing researches, solid solutions like (Cr 1x V x ) 2 AlC [4, 5] , Ti 3 Si(Al)C 2 [6] [7] [8] , Ti 3 Al(Sn)C 2 [9] [10] [11] [12] , and Ti 2 AlC 0.5 N 0.5 [13] have been reported to possess improved flexural strength, hardness, tribological properties, thermal expansion coefficient, etc. MAX phases and their solid solutions are demonstrated to have considerable advantages of unique nanolamellar crystal structure, high strength, resistance to elevated temperature decomposition and chemical corrosion, and so on. Furthermore, these  compounds as well possess oxidation behaviors, high damage tolerance, resistance to thermal shock, and ductile-to-brittle transition, which are closely relevant to tribological properties [1, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] ; therefore, they are promising candidates for tribological applications.
In recent ten years, many researches in tribological study of MAX phases like Ti 3 SiC 2 and Ti 3 AlC 2 and MAX matrix composite materials have been conducted [9, 10, [18] [19] [20] [21] [22] [23] . Gonzalez-Julian et al. [19] consolidated the Cr 2 AlC/SiC fiber composites to evaluate the tribological properties of Cr 2 AlC, and found that the friction decreases up to 20% while the wear resistance increases up to 80% for Cr 2 AlC/10SiC composite. The excellent mechanical performance of SiC fibers could account for the enhanced wear resistance. Gupta and Barsoum [21] chose Ta 2 AlC, Ta 2 AlC/Ag, and Cr 2 AlC/Ag composites to test against Ni-based superalloys; they found out the tribological characteristics are mainly decided by the generated film of MAX phase or MAX matrix composite. Zhai et al. [22] and Huang et al. [23] reported that due to the oxide film with self-lubricating effect on the friction surface, Ti 3 SiC 2 and Ti 3 AlC 2 exhibit excellent tribological properties sliding against low-carbon steel. Xu et al. [9] and Huang et al. [10] added 0.2Sn and 0.4Sn to fabricate Ti 3 Al(Sn)C 2 solid solutions; the experimental investigation showed that micro-Vickers hardness is about 12% higher and the flexural strength is increased by 51% and 67% respectively, compared with Ti 3 AlC 2 . Moreover, Ti 3 Al(Sn)C 2 solid solutions showed excellent tribological properties during dry sliding against a low-carbon steel disk. The friction coefficient could be adapted to fall within the range of 0.1-0.4 after incorporation of different amounts of Sn to form Ti 3 Al(Sn)C 2 solid solutions while retaining excellent wear resistance. The adjustable friction coefficient and excellent wear properties of Ti 3 Al(Sn)C 2 solid solutions were mainly attributed to the formation of a self-adaptable friction oxide film which was composed of Ti, Sn, Al, and Fe oxide composition after the incorporation of different amounts of Sn. In Ref. [18] , tribological behavior of Ti 3 AlC 2 against SiC at ambient and elevated temperatures was studied by Ma et al. The friction coefficient and wear rate of Ti 3 AlC 2 are very low at elevated temperatures. The compacted protective oxide layer on the worn surface is believed to be responsible for the quite low wear rate of Ti 3 AlC 2 . Ti 3 AlC 2 has excellent oxidation resistance and retains decent mechanical properties at elevated temperature, and it has excellent promise as solid lubricant material due to the layered nature.
As a member of MAX phases, Ti 2 AlC shows low density, high modulus, and excellent oxidation resistance, which can be applied in the adverse working condition of oxidation environment [15, 16, 24, 25] . There have been some researches about the preparation and properties of Ti 2 AlC. Lin et al. [24] used Ti, Al, and graphite elemental powders as raw materials and prepared Ti 2 AlC bulk with lattice constants of a = 0.304 nm and c = 1.36 nm by an in situ hot pressing/ solid-liquid reaction process, and the microstructural characterization of Ti 2 AlC was carried out as well. Li et al. [25] reported that Ti 2 AlC ceramic achieves at least seven healing cycles after repeated cracking at a given location. The main healing mechanism at high temperature is the filling of the cracks by the formation of well adhering α-Al 2 O 3 and the presence of some AlO 2 rutile. Bei et al. [15] 
Experimental procedures
Powders of Ti (average particle size 48 μm, 99.5 wt% purity), Al (average particle size 75 μm, 99.5 wt% purity), Sn (average particle size 75 μm, 99.5 wt% purity), and TiC (average particle size 48 μm, 99.5 wt% purity) were used as starting materials. The designed molar ratios were Ti:Al:TiC = 1:1. excess Al and Sn were used to compensate for the loss of these elements by evaporation during the sintering process; a little deficient C was also introduced into the starting composition to obtain high-purity ceramics. The mixed powders were hot pressed at 1450 ℃ for 30 min with 28 MPa in Ar atmosphere to synthesize Ti 2 AlC and Ti 2 AlSn 0.2 C bulks.
The phase composition of the materials was identified by X-ray diffraction (XRD) analysis using a D/Max 2200 PC diffractometer operating with Cu Kα radiation at 40 kV and 40 mA. Microstructure of the phase was identified using a scanning electron microscope (SEM, ZEISSEVO18) equipped with an energy dispersive X-ray spectrometer (EDS, Bruker Nano XFlash detector 5010). The observed grain surface of bulks was polished and etched by the HF and HNO 3 mixed acid. The average grain sizes for the hot pressed Ti 2 AlC and Ti 2 AlSn 0.2 C samples were measured by the software named Nano Measurer. The Vickers hardness was determined with a TH700 hardness tester in a load range of 4.9-98 N with a dwell time of 15 s. The flexural strength was measured with 3 mm × 4 mm × 36 mm specimens using a three-point bending device with a crosshead speed of 0.5 mm/min and a span size of 30 mm.
The Ti 2 AlC and Ti 2 AlSn 0.2 C samples were cut into blocks of 10 mm × 10 mm × 12 mm. The samples were polished by 800 mesh sand paper. A low-carbon steel disk (containing 0.20% C, 0.40% Mn, 0.30% Si, ≤ 0.2% Cr, and ≤ 0.30% Ni) of 300 mm × 10 mm was used as the friction counterpart. Friction and wear tests were performed on a block-on-disk-type tester at room temperature; the testing machine is illustrated in Fig. 1 . The normal sliding contacting area between the block and the disk was 10 mm × 10 mm. The sliding speed was at a range of 10-30 m/s, and the applied normal load was in the range of 20-80 N. The sliding distance used for the continuous process was kept as 12,000 m. An adequate pre-abrasion was performed to make the normal friction surface of the block completely contact with the external surface of the disk. The pre-abrasion was also made whenever the test condition was changed to minimize possible influence of the speed-or load-relevant history on the friction surface condition. Tests were repeated three times for every given condition, and the average value was used as the evaluated data.
Results and discussion

1 Phase composition and microstructure
The XRD patterns of Ti 2 AlC and Ti 2 AlSn 0.2 C bulks are shown in Fig. 2 . From the diffraction pattern of Ti 2 AlC, it can be seen a fraction of Ti 3 AlC 2 impurity. Actually, in the process of the preparation of Ti 2 AlC, Ti 3 AlC 2 phase is difficult to eliminate [13, 15] . These two phases can be generated from the following reactions: Ti + Al + TiC → Ti 2 AlC, Ti + Al + 2TiC → Ti 3 AlC 2 . The sintering process of Ti 3 AlC 2 is similar to that of Ti 2 AlC; consequently it is difficult to suppress the generation of 27 .93 at% C, in good agreement with that identified with the XRD patterns (shown in Fig. 2 ). Figure 3(b) shows the typical grain micrograph of Ti 2 AlC (the observed surface was polished and etched by the HF and HNO 3 mixed acid, as well as Fig. 3(d)) ; most of the grains have a plate shape and a layered structure. The average size of the grains is estimated to be ~20 μm in length and ~8 μm in width. Observing the surface of Ti 2 AlSn 0.2 C bulk in Fig. 3(c) , there exists no other impurity phase; nevertheless, Al 2 O 3 has been formed due to reaction of Al with oxygen that is present as an absorbed species at the original powder surface. A small amount of Al 2 O 3 is commonly observed in Al-containing MAX phase, like Ti 3 Al(Sn)C 2 [9, 10] and Cr 2 Al(Si)C [17] . The grains of Ti 2 AlSn 0.2 C are lined up tightly as shown in Fig. 3(d) 3 , which is almost close to 4.06 g/cm 3 in Ref. [26] ; the volume density of Ti 2 AlSn 0.2 C is measured to be 4.6 g/cm 3 , between the density values of Ti 2 AlC and Ti 2 SnC [27] . Under the load of 9.8 N, the Vickers hardness of Ti 2 AlC is measured to be ~5.55 GPa, much higher than that of Ti 2 AlC in Ref. [26] . After incorporation of 0.2Sn, the hardness of Ti 2 AlSn 0.2 C (~3.92 GPa) solid solution has decreased by 30% compared with Ti 2 AlC (~5.55 GPa), but this value is slightly higher than that of the single phase of Ti 2 SnC [27] . The Vickers hardnesses of Ti 2 AlC and Ti 2 AlSn 0.2 C show a similar trend in the load range of 4.9-98 N (see Fig. 4 ), both gradually reducing with increase in load and approaching to 4 and 3 GPa, respectively, under the load of 98 N. The flexural strength of the Ti 2 AlC bulk is about 430 MPa, much higher than that in Ref. [26] . And the flexural strength of Ti 2 AlSn 0.2 C is measured to be 410 MPa, a little lower than that of Ti 2 AlC bulk, but much higher than that of single-phase Ti 2 SnC bulk in Ref. [27] . Both the hardness and flexural strength of the Ti 2 AlC bulk are much higher than that in Ref. [26] , maybe due to the higher density and existence of a little Ti 3 AlC 2 in the material in this work. Ti 3 AlC 2 is known to have decent mechanical properties. The distribution of Ti 3 AlC 2 phase in Ti 2 AlC plays the part of the dispersion strengthening effect. What is more, the average grain size of Ti 2 AlC in this work is much smaller than that in Ref. [26] , in which the crystallite size of Ti 2 AlC is 41±12 μm in diameter and 16±4 μm in thickness.
2 Mechanical properties
Existing research [28] shows that the fine-grained material exhibits higher strength compared with the coarse-grained materials. So the hardness and strength of Ti 2 AlC obtained in this study are significantly higher than those reported in the same phase by others. (Figs. 5(c)  and 5(d) ). However, for incorporation of 0.2Sn in Ti 2 AlC bulk, the solid solution hardening and strengthening effect is not operative in this system. The same kind of results has been obtained in other 211 MAX phase, such as in Cr 2 Al(Si)C and (Ti,Nb) 2 AlC solid solutions [17, 29] . By contrast, significant hardening and strengthening effect has been shown in that with substitution into A site of 312 MAX phase [7] [8] [9] [10] . Zhou et al. [7] showed that flexural strength and microhardness of Ti 3 Al 0.75 Sn 0.25 C 2 solid solution are enhanced by 12% and 26%, respectively, compared with those of single-phase Ti 3 AlC 2 . Li et al. [8] measured the flexural strength of Ti 3 SiAl 0.2 C 2 to be 425 MPa, 13% above that of Ti 3 AlC 2 . In our earlier work [9, 10] , the microhardness and flexural strength of the Ti 3 SiAl 0.2 C 2 solid solution were measured to be 3.53 GPa and 560 MPa, respectively, and the value is 12% and 51% higher than that of Ti 3 AlC 2 . However, the exact mechanism of strengthening or weakening effect of the MAX solid solution by substitution into A site is uncertain now. Actually our existing experimental results are not enough to explain the problem, and more work needs to be done, such as adding more content of Sn to prepare Ti 2 Al 1x Sn x C (x = 0-1) solid solution, to understand the influence of Sn in mechanical properties. This work is under performed.
3 Tribological characteristics
The friction coefficient and wear rate changes of Ti 2 AlC and Ti 2 AlSn 0.2 C with normal load under different sliding speed against low-carbon steel are shown in Fig.  6 . In the normal load range of 20-80 N, the friction coefficient of Ti 2 AlC decreases with increase in the sliding speed. In addition, for different sliding speeds, the friction coefficient seldom relies on normal load, always maintaining within a narrow range. At the sliding speed of 10, 20, and 30 m/s, the friction coefficient remains around 0.45, 0.35, and 0.3, respectively. Compared with Ti 2 AlC, the importation of 0.2Sn (see Fig. 6(b) ) results in a slight decrease in the friction coefficient, keeping at 0.35, 0.33, and 0.25, respectively. Additionally, the friction coefficient grows more stable for Ti 2 AlSn 0.2 C. The function curve of wear rate at different sliding speeds and normal loads of Ti 2 AlC is shown in Fig. 7(a) . Under the speeds of 10 and 20 m/s, the variation trend of wear rate is similar with the increase of load, whereas the rangeability at 10 m/s is bigger. At the sliding speed of 30 m/s, the wear rate increases slightly with increase in the normal load. The wear rate of Ti 2 AlC is quite low and keeps in (1.8-3)×10
6 mm 3 /(N·m). In the normal load range of 20-80 N, the wear rate of Ti 2 AlSn 0.2 C increases as the sliding speed increases (see Fig. 7(b) ), but it also can keep in a relatively low range of (2-4)×10 6 mm 3 /(N·m). Compared with some ordinary ceramics such as Si 3 N 4 (with a wear rate of ~10 4 mm 3 /(N·m)) [30] and PSZ (with a wear rate of 10 3 -10 2 mm 3 /(N·m)) [31] , Ti 2 AlC and Ti 2 AlSn 0.2 C have much better abrasion wear resistance. Accordingly, we can add 0.2Sn or more to adjust the friction coefficient of the material within the range of 0.25-0.45, while it still maintains excellent wear resistance.
Typical SEM micrographs of the friction surfaces of Ti 2 AlC and Ti 2 AlSn 0.2 C after three continuous sliding processes performed under a normal load of 80 N and different sliding speeds are shown in Fig. 8 and Fig. 9 , respectively. As shown, a thin film is adhered on the entire friction surface. When the sliding speed is at 10 m/s, the film is discontinuous, while the film is very uniform when the speed increases to 20 and 30 m/s. EDS results show that the friction surface has the same elements, but at different contents. To further identify the phase behavior of fraction film, the XRD pattern was used. Figure 10 shows the XRD pattern of the Ti 2 AlSn 0.2 C friction surface after sliding 36,000 m (three continuous processes) at 30 m/s and 80 N. From Fig. 10 , some new phases can be observed compared to the original surface of Ti 2 AlSn 0.2 C bulk (see Fig. 2 ), which are iron oxide, titanium oxide, tin oxide, and Al 2 O 3 , suggesting that the oxide frictional film is a combination of the oxides which can be corresponded with EDS result in Fig. 9 .
Compared with the friction surfaces of Ti 2 AlC and Ti 2 AlSn 0.2 C in Fig. 8 and Fig. 9 respectively, it seems that the friction surface formed in the same friction test condition will be smoother after incorporating of 0.2Sn. It may be caused by the effect of tin oxide. In the oxidation behaviors of Ti 2 Al (1x) Sn x C solid solution, SnO 2 is found to be formed at temperatures significantly lower than that of TiO 2 (rutile) and Al 2 O 3 [15] . So tin oxide could be generated easier than titanium oxide and Al 2 O 3 , due to the local high temperature and pressure during the friction process. The mixed oxide film is responsible for the friction behavior as described in our previous work [9, 10, 22, 23] . Sliding speed affects the coverage of friction surface oxide film. Huang et al. [23] have confirmed that a good oxide film with a higher percentage of coverage results in a smaller friction coefficient, and a poor oxide film with a lower percentage of coverage results in a larger friction coefficient. In the case of lower sliding speed of 10 m/s, the oxide film is lacked. When the sliding speed is higher at 20 and 30 m/s, the oxide film is continuous and smooth, the increased percentage of coverage results in the lower friction coefficient, and then the friction coefficients of Ti 2 AlC and Ti 2 AlSn 0.2 C decrease with increase in the sliding speed as Fig. 6 shows. In addition, the smoother friction surface of Ti 2 AlSn 0.2 C results in lower friction coefficient and more stable friction behavior.
The wear rates of Ti 2 AlC and Ti 2 AlSn 0.2 C are also related closely with the existing oxide film. When lacking of the oxide film, the harder friction surface is at a severe wear stage between the low-carbon steel disk. With the increasing sliding speed, the instantaneous temperature of contact area rises, the softer oxide film is generated on the fraction surface, and the lubrication action of oxide film makes less wear rate. However, at the sliding speed of 30 m/s, when the normal pressure gradually increases, the oxide film flaking off results in higher wear rate. On the contrary, the wear pattern of Ti 2 AlSn 0.2 C is different. Its oxide film is easier to form but also easier to peel. Simultaneously with the generating, the oxides would be consumed continuously from the friction surface. The more generated oxides result in the more consumed oxides, leading to the larger wear rate [23] . Furthermore, the wear rate of the material increases after adding 0.2Sn in Ti 2 AlC, and this may be because that the frictional film with tin oxide on the Ti 2 AlSn 0.2 C surface is combined loosely with the matrix and is easily stripped. So the wear rate is increased for Ti 2 AlSn 0.2 C.
El-Raghy et al. [20] have explored the macroscopic wear behavior of fine-and coarse-grained Ti 3 SiC 2 samples. For both microstructures, there is an initial transition stage where the friction coefficient increases linearly from 0.15 to 0.45, and then rises to a steady state value of about 0.8. The stable period is longer for the fine-grained material. The average sliding wear rates are 4.25×10 3 and 1.34×10 3 mm 3 /(N·m) for the fine-and coarse-grained samples, respectively. Delamination, crack bridging, grain buckling, microcracking, and grain fracture are energydissipating mechanisms believed to be responsible for the better wear resistance of the coarse-grained material relative to the fine-grained material, where only grain pull out and fracture are observed. In our study, Ti 2 AlSn 0.2 C with smaller grain size has lower friction coefficient and the value is stable, meanwhile it has a high wear rate. The results are well corresponding to the above literature, and maybe its friction mechanism can further explain the friction phenomenon in this particle. However, more work needs to be done in later experiments.
Conclusions
Ti 2 AlC bulk with a little Ti 3 AlC 2 has been synthesized by hot pressing at 1450 ℃ for 30 min with 28 MPa in Ar atmosphere, and a nearly pure, dense Ti 2 AlSn 0.2 C solid solution was fabricated in the same condition. The solid solution hardening and strengthening effect was not observed after the incorporation of 0.2Sn. The flexural strengths of Ti 2 AlC and Ti 2 AlSn 0.2 C have been measured to be 430 and 410 MPa, respectively. Both Ti 2 AlC and Ti 2 AlSn 0.2 C had very low wear rates. The Sn incorporation in Ti 2 AlC bulk resulted in the lower friction coefficient and more stable friction behavior, while a little higher wear rate. Experimental results showed that the friction surface with a layer of oxide film is responsible for the unusual tribological behaviors.
